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Abstract

A spacecraft can be modeled as a collection of states, with certain actions (commands) leading
the spacecraft from one state to another. Here, we present the outline of a technique to generate
models from the existing sequence checking code in a semi-automated way. To further speedup the
simulation on the hypercube, a technique for Parallel Discrete Event Simulation (PDES) based upon
the prediction techniques is also presented. The prediction technique is introduced with simulation
results obtained on the Ncube and the performance of the proposed technique is compared to the
Time Warp algorithm.

1 Introduction

Spacecrafts are controlled by sequences of time-tagged control commands which are essentially onboard
computer programs. The sequence checking employed (presently) is inherently sequential and is imple-
mented partly in PL/1 and partly in, what can be referred to as, the assembly code of a spacecraft.
A sequence of control commands needs to be verified for correct execution before the commands are
executed on the spacecraft to avoid the catastrophic effects of incorrect execution. Thus, the sequences
must be correct and must not have unexpected side effects. One of the keystones of this process is the
checker program which takes as input the sequence to be sent to the spacecraft. The checker consists
of event logic (about 200 pages of code) and several dozens of extra routines for handling models, 1/0,
interfaces and some other modules of the checker including stack implementation and parsers. The main
objective of this work is to replace this existing event-logic algorithm with a state-based algorithm (that
we are developing) to improve the performance of the checker.

Spacecraft command sequence checking consists of two parts: system specificalion and system verifi-
cation. Systern specification can be further divided into two parts: the first part consisting of functional
and behavioral models of the spacecraft on-board computer, engineering system, and all related subsys-
tems; and the second part consists of a set of mission specific flight rules or constraints, that restrict the
allowable set of parameter values in the model. System verification is an attempt to increase the user’s
confidence that a specific set of programs satisfy the functional and behavioral aspects of the model
without violating the flight rules.
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In the past, command sequence checking for unmanned spacecrafts was based on software technology
developed for the Voyager in the mid 70’s. The method in which checker was implemented is through
indirect function calls for every variable (node) of the code. There are a set of variables for each
command of the spacecraft. For every variable X, there is a dependency table that represents all the
variables that can be changed if the variable X is changed. The checker takes one command at a time
and sets the variable for this command to true and puts all of its dependents on the stack. Then it
removes one variable at a time from the stack and checks if it needs to be changed. If it is changed,
then its dependents need to be put onto the stack and so on. When the stack is empty, the command
variable is set to false and the process is repeated. This emulates the electric pulse of the command on
a spacecraft. So, this sequence checker is optimized for sequential execution on the Univac mainframe
machine, and a special-purpose event-logic language is used to specify both the engineering model and
the flight rules.

Each command consists of several parameters. They represent the name of the command, the com-
puter on which the command is to be run, the time at which the command should be executed, and some
others, including the input parameters to the command. Some of the commands create new commands
that need to be executed at some deterministic time in the future with respect to the current command.
The new commands are called delay commands and represent the actions the spacecraft wil] take upon
receiving the command. These commands represent the single hardest problem to parallel implementa-
tion of Parallel Checker which makes use of lookahead techniques. In the proposed technique where we
use Parallel Discrete Event Simulation for constraint checking, we do not consider delay commands(at
present).

The limitations of the current implementations that motivated the development of the proposed
methodology are described here.

® The event-logic language has not evolved enough to take advantage of advances in software engi-
neering technology like modular and structured programming, strong typing and data abstractions.

® The language and programming environment used for specifying the engineering model and flight
rules, are not based on a well founded formalism. This implies that even if the existing checker
code does not report an error, one cannot claim that a flight rule was not violated.

® The event-logic language is inherently sequential, and is very difficult to parallelize. As more
complex systems are defined, the number of flight rules become numerous which would result in
unacceptably long verification sessions. Thus, a new approach to specification and verification
must be explored to allow for parallelism.

We now briefly describe how our work addresses each of the above issues.

The constraint specification methodology developed at JPL separates the models of how the space-
craft works from the models of the constraints on how the spacecraft is flown. The spacecraft is modeled
as a collection of states, with certain actions (commands) leading the spacecraft from one state to an-
other. The current state represents the state of some device on the spacecraft such as: gyroscope - ON,
heater A - OFF etc. The set of spacecraft commands is responsible for transitions among the various
states. The spacecraft is basically modeled as a set of finite state machines, each one corresponding to
a particular device of the spacecraft with some constraint associated with it. The finite state machines
(models) could be interdependent, thus, a transition in one model might cause some other transition in
another model. As a result, the interdependencies among the various models need to be kept track of.



This new specification will allow for improvement in sequence checking in several specific areas.
The new representation will assist in the development and encoding of the flight rules and ground and
spacecraft constraints since it will now be easier to add rules to the code. The new specification provides
insight into the changes in the state of the spacecraft implied by the issuance of a given spacecraft
command (or set of commands) by making clear the interrelationships among various commands and
subsystems implied by a spacecraft constraint such as a flight rule. It also provides insight into the
(frequently non-obvious) other flight rules implied by a given flight rule.

The data structure of a model contains the state values of the model, the commands that cause
transition from one state to another, and the interdependencies among the models (the side-effects
caused by a transition in a model). Thus, each model has complete information necessary to verify the
correctness of a sequence of commands.

One of the problems of using finite state machines as models for the spacecraft is the exponential
explosion in the number of states. Action tables are used to denote the set of activities that take place
when a machine makes a transition from one state to another.

Constraints are specified using rule-based clauses typical of logic programming languages. The clauses
are used to specify that a flight rule must be checked on each occurrence of a specific event in the
engineering model. The system specification and verification model developed at JPL consists of two
layers. At the bottom layer lies the system specification and simulation environment. This consists of
a number of state variables as well as data structures that describe the spacecraft. Given a command
sequence, the execution of the sequence is simulated after specification and thus various aspects of
program behavior such as termination, deadlocks etc. are verified. If we consider the system to be
a finite automata, then simulating program execution is similar to verifying whether the input string
of commands is part of the language accepted by the automata. This does not guarantee that the
program is correct or that it violates some flight rule. The second layer in the system specification and
verification model consists of a constraint checker which verifies whether the system satisfies specific
flight rules. These checks are triggered by specific events that occur at the simulation layer.

The implementation details of the parallel constraint checking follow. All the spacecraft models are
distributed over the multiple processors of the parallel computer. Various heuristics could be employed
to determine which model needs to be placed on which processor; but the best method would be to place
all interdependent models on a single processor in order to reduce the communication between models.
The communication between models is assumed to be performed using shared state variables. The time-
ordered input sequence of commands that have to be simulated and verified for correct execution are
partitioned statically according to the model(s) to which they belong. These partial sequences are then
checked in parallel. When the partial sequences on each processor affect each other, a synchronization
mechanism similar to simplified discrete event simulation takes over and makes sure that these interac-
tions are dealt with correctly. At present it is not clear how commands that are shared among several
models are allocated on the different processors.

Some preliminary tests (using three models on three processors) have been run at JPL which show
that the simulation part of the algorithm runs about 1.7 times faster on three processors rather than on
a single processor. Work is also ongoing to develop a semi-automated way to read the Univac Galileo
constraint and model database and convert it to the required notation ( in the form of models). Below,
we present a technique which might be feasible for automatically generating models from the sequence
checking code.



2 Outline of Semi-automated Model Generator

In this section, we present the outline of the algorithm that was proposed to semi-automatically generate
the models from the Univac Galileo constraint and model database. The inputs necessary for the
proposed algorithm are the various commands of the spacecraft, the actual code for sequence checking -
the checker-code, and a backward-propagation file seqgen-back for all the variables used in the code. The
backward propagation file generates a list of all the commands which could possibly change the value
of a particular variable. This backward propagation file is necessary to automate the transition from
an old to a new representation i.e. the model representation. The output of the algorithm is the set of
models generated from the code.

The model of a spacecraft is basically a collection of states with transitions among the different states.
The set of spacecraft commands is responsible for transitions among the various states of a model, so,
the effect of all the possible commands of a spacecraft need to be considered. The proposed algorithm
is presented below.

For each command emd; in commands, do the following:

1. Assign initial values to the variables required for cmd;, and trace the computations involving the
variables of ¢cmd; in the checker-code. Notice that the command ¢md; itself is a variable. We
compute a list of all the variables whose final values are different from their initial values (assigned
before execution of emd,).

2. For every variable var; in the changed-variables list, we find the commands which could change
the variable in the seqgen-back file. The models that are built using the changed-variable list are
in actuality finite state machines with different commands as transitions from one state to the
other. The commands computed are commands which either cause transitions from one state of
the model (model;) to the other or other commands which could possibly trigger model;.

Note: It is quite possible that most of the models we are trying to generate are simple two or three
state machines with a set of commands with proper inputs taking the machine from one state to
the other and another set of commands taking the machine back to the initial state. We should
be able to determine whether the model is two state or more by keeping track of the values of the
variables that are being changed. For example if at one instance we have var; = X and after the
computation we have var; = NOT X then it is quite possible that we can assume that the model
involving the variable X would be a two state machine.

3. In this step, we need to implement the model obtained in step 2 using C. The models that have
been manually implemented are simple with the transitions between states being represented by
changing the value of the variable corresponding to the model to true or false (corresponding to
turning a particular device ON or OFF respectively) at an appropriate time. The actual method
that we propose to use for conversion of the models into C is outlined in the next section.

3 Implementation of the models using C

We propose to develop a method by which we can automatically convert the models into code in C
baving knowledge of the variables involved and the times of the transitions. It seems to be simple for
two state or three state machines. We could have functions for two-state and three-state models such



that given the variable names and the times of transitions we can generate the models by printing out
the code with the appropriate variable names and times in an output file. The assumption made here is
that a two-state machine will have not more than one variable being changed and a three-state machine
has no more than two variables being changed (which seems to be the case in the models generated
manually).

There are instances where one model might trigger another model either through a delay or directly,
as in the case of the gyro and accelerometer models. Both models trigger the inertial sensor model
and depending on the values returned by the inertial sensor model, they perform corresponding actions.
Such models might be merged together by having transitions (which are activated conditionally) from
one model to the other. Another issue of concern is the case where a lot of models change a particular
variable - in which case the different models can be merged to form a single model. It is extremely
important to be able to develop a method to merge the models together while retaining the consistency
of individual models.

In this approach we have assumed that we have the same model for different devices of the same
type i.e. device A, device B etc. In the case of some devices there are restrictions such as both devices
should not be ON simultaneously which leads to a forbidden state in the finite state machine. Therefore,
we need to incorporate conditions so that when one device is ON the other can never be turned ON.

By using the above mentioned algorithm, most of the models can be generated even though not all
of them. In Appendix A, we present some of the models that were generated using the above mentioned
algorithm. Since the specification of flight rules and constraints for all the spacecrafts is not in the same
assembly language, we would have to consider each spacecraft’s code individually to find a method of
generating the models. Therefore, the obvious disadvantage of this method is that this algorithm may
not be applicable to all the spacecrafts.

For a deterministic application (such as sequence checking where we can deterministically state the
interdependencies among the various models generated), the above method of parallel checking would
be efficient but in non-deterministic applications the above method would not be as efficient. Below, we
present a more general approach for sequence checking of events.

4 Constraint Checking using Parallel Discrete Event Simula-
tion

An important reason why spacecraft sequencing works is that the spacecraft systems have evolved to be as
deterministic as possible. A given spacecraft command is expected to always have a deterministic effect,
and the spacecraft’s state is periodically reported down to the ground so that any possible inconsistency
can be identified. This determinism has some interesting applications for the parallel implementation of
the sequence checking software. This software resembles parallel discrete event simulation. If one has
fully deterministic knowledge of all communications, then an interesting special-purpose, conservative
method can be developed for the application [2, 13]. In the case of applications where one does not
have fully deterministic knowledge of all possible communication involved, in the following section, we
present a technique for efficient sequence checking.

Parallel (distributed) discrete event simulation refers to the execution of a single discrete event
simulation program on a parallel computer. A discrete event simulation model assumes that the system
being simulated changes state only at discrete points in simulated time. In other words the simulation



is event driven in the sense that the simulation model changes from one state to another only on the
occurrence of an event.

A simulation program can be executed on a parallel computer by decomposing the simulation ap-
plication into a set of concurrently executing processes [8). Other approaches for exploiting parallelism
are : using dedicated functional units to implement specific sequential simulation functions; using a
hierarchical decomposition of the simulation model to allow an event consisting of several subevents to
be processed concurrently; and to execute independent, sequential simulation programs on different pro-
cessors (termed as replicated trials approach). Due to the range of applications of PDES, a considerable
amount of work has been done in the past and the research in this area continues today where new
approaches or enhancements to existing approaches are being developed.

Sequential simulators typically utilize three data structures:

1. the global state variables that describe the state of the system,

2. an event list containing all pending (and previous) events that have to be scheduled, but have not
yet taken effect, and

3. a global clock variable to denote how far the simulation has progressed.

Each event contains a timestamp, and usually denotes some change in the state of the system being
simulated. The timestamp indicates when change occurs in the actual system. The main loop of the
simulator repeatedly removes the smallest timestamped event from the event list, and processes the
event. Processing an event involves executing some simulator code to effect the appropriate change in
state, and scheduling zero or more new events into the simulated future in order to model causality
relationships in the system under investigation.

In terms of the spacecraft, we can consider an event to correspond to a profile of activity, such as
turning the accelerometer ON, etc. In the present simulation, not much importance is placed on what
an event actually does, rather we are more concerned with the time required for the execution of an
event. Sequence commands must be in time order for the computation to be correct. In other words, it is
critical to select the smallest timestamped event from the event list to be processed, since there exists a
possibility where a higher timestamped event may modify the state variables that are used by the lower
timestamped event. This would amount to simulating a system in which the future could affect the past
which is obviously unacceptable. Such errors are referred to as causality errors. Most of the existing
strategies in order to avoid this problem simply forbid the direct access to shared (global) variables. The
system that is being simulated is the physical system and it is composed of several physical processes that
interact at various points in simulated time. All interactions between physical processes are modeled as
timestamped event messages between logical processes. One can ensure the avoidance of the causality
errors by following the following rule:

® Local Causality Constraint - A discrete event simulation, consisting of logical processes (LPs) that
interact exclusively by exchanging timestamped messages, obeys the local causality constraint if
and only if each LP processes events in nondecreasing timestamp order.

Adherence to this constraint is sufficient, though always not necessary, to guarantee that no causality
errors occur. Note that this rule is in effect not only for the original scheduled discrete event but also for
the new events that are scheduled through the execution of the original events and are put on the event
list with the appropriate timestamp in the future. The major problems with parallel discrete event



simulation are load balancing and communication. These factors maximize the speed-up and ensure
correctness of the simulation.

PDES mechanisms broadly fall into two categories conservative and optimistic. A lot of different
variations of these techniques with applications can be found in the survey article [8]. Conservative
approaches like Chandy-Misra [7, 5], strictly avoid the possibility of any causality error ever occurring.
These approaches rely on some strategy to determine when it is safe to process an event ( they must
determine when all events that could affect the event in question have been processed). On the other
hand, optimistic approaches such as the Time-Warp mechanism [4, 14], use a detection and recovery
approach: causality errors are detected, and a rollback mechanism is invoked to recover.

4.1 Conservative and Optimistic Approaches

Conservative Mechanisms:

The basic problem conservative mechanisms must solve is determining when it is safe to process an
event. More precisely, if a process contains an unprocessed event Event; with a timestamp Ti(and no
other with a smaller timestamp), and that event (process) can determine that it is impossible for it to
later receive another event with timestamp less than 7;, then the process can safely process Event; since
it can guarantee that doing so will not later result in a violation of the local causality constraint [7, 5].

Lookahead is the ability to predict what will happen, or what will not happen in an event’s simulated
future [8]. If a process at simulated time Clock can predict with complete certainty all events it will
generate upto simulated time Clock + L, the process is said to have a lookahead of L. Lookahead enhances
one’s ability to predict future events, which in turn, can be used to determine which other events are
safe to process.

Conservative approaches are most often overly pessimistic, and force sequential execution when it
is not necessary. If there were no lookahead, the smallest timestamped event in the simulation could
affect other pending events, forcing sequential execution no matter what conservatjve protocol is used.
Conservative algorithms appear to be poorly suited for simulating applications with poor lookahead
properties, even if there is a healthy amount of parallelism available.

Optimistic Mechanisms:

Optimistic methods detect and recover from causality errors; they do not strictly avoid them. In
contrast to conservative mechanisms, optimistic strategies need not determine when it is safe to proceed;
instead they determine when an error has occurred, and invoke a procedure to recover [8]. One advantage
of this approach is that it allows the simulator to exploit parallelism situations where it is possible
causality errors might occur, but in fact do not. Also, dynamic creation of logical processes can be easily
accommodated.

The Time-Warp mechanism (14, 4] is the most well known optimistic protocol. In this approach, a
causality error is detected whenever an event message is received that contains a timestamp smaller than
that of the process clock which is the timestamp of the last processed message. Recovery is accomplished
by undoing the effects of all events that have been processed prematurely by the process receiving the
event causing rollback. An event may perform two things that may have to be rolled back: it may modify
the state of the logical process, and/or it may send event messages to other processes. Rolling back the
state is accomplished by periodically saving the process’s state, and restoring an old state vector on
rollback. “ Unsending” a previously sent message is accomplished by sending a negative or anti-message
that annihilates the original when it reaches its destination. Messages corresponding to simulator events



are referred to as positive messages. In Time Warp, the smallest timestamp among all unprocessed
event messages (both positive and negative) is called global virtual time (GVT). Irrevocable operations,
such as I/O cannot be committed until GVT sweeps past the simulated time at which the operation
occurred. The process of reclaiming memory and committing irrevocable operations is referred to as
Joasil collection.

There have been various enhancements to the standard optimistic approach such as lazy cancellation,
lazy reevaluation, optimistic time windows, wolf calls, etc. All these enhancements can be used in
conjecture with the prediction approach since most of the enhancements deal with handling causality
errors. Both lazy cancellation [11], and lazy reevaluation [17] are mechanisms used to rollback when
a causality error has been detected. The Wolf mechanism [16] and other direct cancellation methods
[1, 9, 10] are not affected by the predictors. Lazy cancellation takes advantage of lookahead, even though
the application was not explicitly programmed to exploit it. Unlike conservative approaches that require
lookahead to be specified explicitly, lazy cancellation exploits lookahead in a way that is transparent to
the application program. The disadvantage in exploiting lookahead in this manner is that the overhead
is greater. Thus, even though optimistic methods do not set up for exploiting lookahead directly, some
programming techniques which are application dependent are sometimes included to take advantage of

lookahead (3].

The cost of roll-back is of primary concern while deciding how much better these parallel implemen-
tations are as when compared to their sequential counterparts. Thus, a critical assumption used by
models is the cost of rolling back a logical process. Radically different results ensue depending on what
is assumed.

4.2 Proposed Technique

The proposed technique : simulation of events based on predictions, has performance ranging from the
Chandy-Misra approach to the Time Warp approach and was developed as part of a parallel simulation
of a spacecraft’s control commands [12]. The strategy can be viewed as an enhancement of the Time
Warp strategy [15) on one hand and as an enhancement of the Chandy-Misra strategy on the other.

The idea is similar to lookahead technique for conservative methods but goes one step further. It
provides a mechanism to partially avoid the causality errors before the simulation of an event starts.
While the optimistic techniques blindly start the simulation of an event Event,, and then check if any
causality errors have occurred, the proposed technique predicts the global state variables that are used
by Event, and then proceeds with the simulation. This decreases the probability of causality errors.

The predicted values for the state variables are stored and when the correct values of the state
variables are received, the predicted values are compared with the correct values : in case of discrepancy,
Event; is rolled back, and the event is reexecuted with the correct values of the state variables as is the
case with all optimistic techniques. It is not necessary for the predictors to predict the values of all state
variables - only the state variables required by Event; are predicted.

The proposed technique can also be considered as an enhancement of the conservative Chandy-Misra
approach since we do not allow predictions to propagate to other events, as a result of which, rollbacks
are restricted to single events only. The propagation of predicted values to other events might cause
cascaded rollbacks, which would make the approach comparable to the Time-Warp approach. At present,
we compare the optimistic Time-Warp approach with the proposed technique, considering only single
event rollbacks in either case. For comparison purposes, we consider the prediction approach with 0%
prediction to be an equivalent model of the Time-Warp approach. Thus, a brief look into the Time



Warp mechanism and the rollback costs associated with it seemns befitting at this stage as a comparison
between the performance of the proposed technique and the existing Time-Warp technique is desirable.

Rollback Costs in Time Warp:

By rollback cost we mean any computation that is not present during the normal, forward progress of
the computation [8]. We will assume that the state of the process is saved at the end of the execution of
each event, and state saving is achieved by copying the entire state vector for the process. This strategy
is used in both Fujimoto’s and JPL’s current implementations of Time Warp, and minimizes the cost of
rollback. Rollback entails three overheads:

1. Restoration of the input queue;
2. Restoration of the state queue;

3. Restoration of the output queue.

Restoration of the input and state queues incur negligible cost because only a few machine instructions
are required to reset the pointer to the next event to be processed. The principal overhead in a rollback
is to restore the output queue, which involves sending anti-messages, assuming aggressive cancellation is
used. Since the principal overhead is the time required to send antimessages, it is reasonable to assume
that the rollback cost is proportional to the length of the rollback. However, rolling back T time units
will not take more time than forward progress by this amount because sending anti-messages takes less
time than sending positive messages. Rollback requires only sending preexisting anti-messages; on the
other hand, sending a positive message requires allocation of a message buffer and filling it with the data
to be sent.

In the proposed technique, there are no antimessages since the correct values are compared with the
predicted values : in case of discrepancy, the event is rolled back. This reduces the principal overhead
in the time required for the rollbacks. The model specification developed at JPL has not been used
in this simulation as the simulator at present only contains dummy events. In the case of sequence
checking using models, rollback will be proportional to the number of models and not to the time. In
this simulation though, we assume rollback to be be about 5% - 10% of the forward progress time for an
event. For simulation purposes, we have assumed the rollback times for both Time-Warp and Prediction
mechanisms to be the same.

Further, forward computation requires a number of other costs: scheduling overhead, processing
incoming positive and negative messages, state saving and of course, the simulation computation itself.
Thus, in practice, the rollback costs will be much smaller than that of the forward computation. The
worst case is when there are relatively fine-grained event computations with negligible state saving
overhead. We estimate the ratio of the time required for forward progress to that required for rollback
to be approximately an order of magnitude for the implementation described in [6] - rollback is about
one-tenth as costly as forward progress by an equivalent amount of simulated time. For larger-grained
computations with significant state vectors, this ratio could easily be several orders of magnitude.

Thus, the most appropriate cost for rollback using the assumptions described above is that it is propor-
tional to the rollback distance bui with a conslant of proportionality less than 0.1 [6] (for medium-grained
to large-grained events).



Prediction Mechanism:

The event-list is a set of event messages, with their associated times of transmissions, that are
scheduled for the future. Every event in the event list has a set of state variables that might be
dependent on state variables of other events.

The events start executing their code as and when possible without waiting for the correct values
of the input variables to be passed down from events with smaller timestamps. However, the events
do not start execution with the local values of the state variables; instead they predict the values of
the input state variables based upon knowledge of previous events in the event list, their corresponding
parameters, and the local values of the variables.

In the case of the prediction technique it is evident that the probability of rollback decreases with
increase in the time spent in predicting the state variables of the event.

4.3 The Algorithm

The parallel machine used to simulate this algorithm is a 64 node Ncube. The machine does not
have shared memory, therefore, the different nodes need to communicate with each other by means of
message passing. The forward-progress time of Event, is the amount of time required to execute the
event, provided the values of the state variables. The prediction-time of the event is the amount of time
spent in predicting the values of the state variables of the event. The rollback-time is the amount of time
spent in rolling back the event which was incorrectly executed. The probability-of-error factor provides
the probability that predictions for an event are incorrect,

The assumptions made while implementing the prediction approach are the following:

o There is no shared memory, so processes communicate only via message passing.
o Each event has a timestamp that indicates its order in the global list of events.

¢ Each processor maintains a (consistent) global-clock which indicates the time upto which the
simulation has been performed correctly in the global-list.

o All the processors involved in the simulation have a copy of the global-list of events with their
timestamps.

o All events have equal grain size.

® A standard block of events consists of 100 events. The events in the actual event-list are executed
block by block in the sense that once events 1 to 100 are executed correctly, the next 100 events
are loaded into the Ncube processors and the same methodology of simulation is used. At present,
we consider only one level of simulation. Since the number of rollbacks are reduced in the first
level of simulation, the total number of rollbacks due to cascading is also reduced. Thus cascaded
rollbacks will make a big difference in the performance of this approach. In future simulations, we
do need to consider cascaded rollbacks in order to make the comparison complete.

o There is no load sharing involved, all events are randomly (but evenly) distributed at all Processors
of the Ncube.

e All events at every processor are sorted in increasing order of timestamps.
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e Events do not generate new events that are added to the event-list i.e. we do not consider delay
commands at present.

¢ The predicted results are not broadcasted - none of the other events use the predicted results as their
state variables, which prevents the forward-propagation of errors in case of incorrect predictions.

At present, the simulator consists of simple skeleton code, with dummy events. The forward-progress,
prediction-time, etc. have been implemented simply as empty loops. The counter of the loops can be
changed to provide flexibility in the forward-progress, prediction and rollback times. Also, a random
number generator provided with a certain probability-of-error is used to generate numbers between 1
and 100, and this is used to determine whether a prediction was correct or incorrect. The simulator has
been tested with different values of forward-progress time, prediction-time, rollback-time, probability-of-
errors, and also for different number of processors involved in the simulation. All different combinations
have been used to evaluate the performance of the simulator. The pseudo-code of the algorithm is
presented in Figure 1.

The details of the simulation are presented below. Each processor P; allocated on the Ncube, initially
gets the block of commands to be simulated and identifies the commands that P, is responsible for
simulating. The events in the event-block are distributed equally and randomly across all the processors.
The events that P; is responsible for simulating are stored in increasing time-stamp order in a local event-
list at P;. Now, every P, starts processing events in its local event-list.

The events in the local event-list of P; are processed as follows. P, initializes the probability-of-error
of correct execution of events, and the number of state variables to be broadcast after every correct
execution. Then, P; predicts the values of the state variables for the first event on its local list. Initially,
for prediction, all processors assign the input values to their state variables where applicable or use the
predictor to obtain some values. P; then processes the event based on the predictions and stores the
results obtained using predicted state-variables. Once the execution of the event is over, P; checks to
see if the first event on its local list is the first event in the global list too. If it is the current global-
command, F; checks to see if it had predicted its state variables correctly. If the predictions were correct,
P predicts and processes the next command on its local list and then broadcasts the correct results of
the current global-command. (Note that the processor which has the first event, definitely processes the
event correctly since it is already provided with the inputs, and broadcasts the correct-results to all the
processors.) If the predictions of P, were incorrect, then P; reexecutes the current command with the
correct values of the state variables and then broadcasts the results. After the broadcast in either case,
FP; advances the global-clock indicating that events upto and including the current global-command have
been processed correctly. The pointer in the global-list is advanced to point to the next command in the
global-list.

While P; is broadcasting the results, the other processors check their buffer to verify if there is any
information to be read. If there is information to be read, the processors update the values of the
state variables with the correct values that they have received, update their global clock and proceed
to execute the next command on their local lists. In the case where there is no information to be read,
they proceed to execute the next command n their local event-lists. This basic procedure is repeated
until the global-clock has the value of the last event in the event-block indicating that all the events in
the event-block have been processed correctly.
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Start of Main Loop
Each processor P;

Gets block of commands to be simulated (global-list)
Identifies commands P; is responsible for simulating
Saves the events in increasing timestamp order tn a local event-list

Process-events in local event-list

]
End of Main Loop

The last step of the code above is enumerated below to provide insight into how each processor processes

events in its local list.

Start of Process-Events Loop
Initialize probability-of-error, and # of state variables to be broadcasted afier every correct execution

Prediction(first event)
Forward- Progress(first event)
Store-Predicted- Results(first event)
While(# of events processed correctly < total # of commands in event-block) do

Processor checks to see if it has executed the current command in the global-list Event;
If(processor has erecuied the curreni command in the global-list) do

If(processor has predicted its state variables correctly for Event; ) do

Prediction(nezt event)
Forward-Progress(nezrt event)
Store-Predicled- Results(next event)

]

else do

[
Rollback(Event;)
Forward-Progress(Event; )

Processor upgrades global-clock = timestamp of Event;
Broadcast correct stale variables + Global clock

]

else do
If(Processor has message to read in message buffer) do

Processor saves the correct slate variables, and upgrades its global-clock

Prediction(nezt event)
Forward- Progress(nert event)
Store-Predicted- Results(next event)

]

End of Process-Events Loop

Figure 1: Pseudo-Code of the Algorithm
12



5 Model Development

The following is a performance model for the simulation running on the hypercube architecture. The
model is based on work by Roger D. Chamberlain and Mark A. Franklin [6] that considers hierarchical
discrete event simulation on a hypercube architecture. The model variables are defined below.

® Rp : simulation runtime using P processors;

¢ E : number of events to be simulated,;

® a : work distribution across communication links;
e P : number of processors;

e i : single event processing time;

® {cr : CPU time for single message formulation;
e tcr : CPU time for single message transmission;
e icgr : CPU time for single message reception;

e irp : Link time for message transmission;

e trv : Link time for single message protocol overhead;
e H : average number of hops required per message;

tcpu : total CPU time;

tcomm : total communication time;

tsync © total synchronization time;

tpreD : time for prediction of event;

trREAD : time for reading in correct values;
® tproaD : time for broadcasting correct values to all processors:

trort : time for rolling back an event;

e P, : the probability of processing an event incorrectly;
® Tprea : Percentage of forward progress time that prediction requires;
® Tieaa : Percentage of forward progress time that reading in the correct values requires; and

® T,ou : Percentage of forward progress that rollback requires.

13



The simulation time for E events on P processors, Rp is defined as

Rp = MAX(tcpu,tcomm) + tsync

where {cpy, tcoma, and tsy nc are as defined below.
tcpu = event-evaluation time 4+ communications overhead for CPU

E
tcpy = F[ipnsn +1g +tREAD) + Pers - E[troLr + te] + E - tBrOAD

Note that once a processor realizes that it has executed an event incorrectly (it does so on receiving
the correct values of the predicted variables), it reexecutes the event using the correct values of the
variables. Each event that has incorrect predicted variables need to be rolledback and reexecuted again
resulting in the P,,, - E{trorL + tg] term in the equation for tcpy.

Assuming icF, tcT, and {cg as the CPU time to formulate, transmit and receive a message, tgROAD
gives the time spent by each processor for communication. Note that this equation introduces a com-
munication imbalance factor a to account for unequal distribution of message volume across processors.

F
tBROAD = O -};[H(fcr +tcr) +tcF)

The first term in the above equation corresponds to the work that must be performed on all messages,
either original or pass-through. The second term accounts for the work that must be performed when a
processor originates a message.

We now consider tcoma. The total communication time is given by

iy +iy
tcoum =a-H - E[—W—']
The average communications width W in the above equation is the number of simultaneous messages that
can be transmitted concurrently. The communications width is bounded by the number of bidirectional

links at each processor.

The third quantity to consider is the synchronization time tsy yc. If the synchronization is performed
via a complete exchange, each processor must send and receive a message in each cube dimension. The
expression for {5y nc can be developed assuming that log P message times are required. Thus,

tsync =trviogP +tp (P - 1).

6 Analysis of Results : Prediction vs Time-Warp

The performance of the prediction mechanism has been compared with the performance of the Time-
Warp mechanism and the results are summarized below. We assume that in both methodologies, the
rollbacks are not cascaded. In other words, we assume that the error in an event is not propagated to
other events as well. In the prediction technique, we assume that no processor starts executing events
with values received from other events which executed based upon predicted values. Thus, the effect of
predictions is restricted to the event itself and not propagated to other events.
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By introducing the concept of prediction, the main objective is to reduce the probability of error
of the correct execution of events. Thus, the more the amount of time spent in prediction, the lesser
the probability of error. Moreover, the performance of this technique also depends upon the particular
application which uses the method. For example, if we consider sequence checking of spacecraft control
commands, this method would fare very well since the predictions would be almost always correct.
Depending on statistics gained over a period of time, the values of the variables can be predicted with
considerable accuracy.

The results gained from simulation run on the skeleton code are summarized below. The simulations
with zero prediction correspond to the optimistic Time-Warp approach (with no cascaded rollbacks
implemented at present). Thus, a comparison is made between the Time-Warp method (prediction =
0) and the Prediction method ( with prediction = 5%, 10%, and 15%).

SPEEDUP with rollback and prediction taking
5% and 0% of forward progress, respectively

Prob. of error | # of processors I
[ 2 proc. | 4 proc. | 8 proc. | 16 proc. ||
I 1 193 [ 370 | 684 11.40
5 1.81 3.63 6.56 11.27
10 1.68 3.31 6.27 9.73
20 1.58 3.13 5.67 9.20
30 1.33 2.65 4.78 8.89

SPEEDUP with rollback and prediction taking
5% and 5% of forward progress, respectively

{ Prob. of error | # of processors i
it T2 proc. | 4 proc. | 8 proc. | 16 proc. ||
1 1.84 3.54 6.63 10.93
5 1.73 3.47 6.25 10.40
10 1.61 3.18 6.02 9.44
20 1.53 2.86 5.65 9.01
il 30 1.29 2.54 4.73 8.75

SPEEDUP with rollback and prediction taking
5% and 10% of forward progress, respectively

Prob. of error | 7 # of processors |
| 2 proc. | 4 proc. | 8 proc. | 16 proc. ||
1 1.76 3.37 6.36 10.63
5 1.66 3.35 6.03 10.24
10 1.5 3.05 5.78 9.27
20 1.48 2.76 5.44 8.73
i 30 1.25 2.48 4.57 8.64

The results can be analyzed as follows. Consider the speedup obtained with rollback and prediction
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taking 5% and 0% of forward-progress respectively. This would correspond to the speedups obtainable
using Time-Warp since no time is spent in prediction. Now, consider the speedups obtained with rollback
and prediction requiring 5% and 5% of forward progress respectively. Since some amount of time is spent
in prediction, the probability-of-error of execution of events should decrease. For example, assume that
due to prediction the probability-of-error drops from 20% to 10%. The speedups obtained with prediction
(using 2, 4, 8, and 16 processors) are 1.73, 3.38, 6.16 and 9.91 as compared to the Time-Warp values of
1.59, 2.97, 5.85, 9.37. In the case where 10% of forward progress is spent in prediction assume that the
probability-of-error falls to 1% from 20% for Time-Warp. Then, the speedups using prediction are 1.76,
3.39, 6.45, and 10.67 respectively. From the analysis it is evident that the prediction technique performs
better than the Time-Warp method, under the above assumptions.

For the initial simulations, whose results have been presented in this paper, we assume that the
predicted values are not propagated to other events. Thus rollback involves single events only. In future,
when we consider cascaded rollbacks for the comparison of the methods, it is possible that the prediction
approach will perform better as the number of events which will have to be rolled back will be lesser
than in the case of Time-Warp. In the case of single event rollbacks, we assume that by spending time
in prediction, we can reduce the probability of error P,,,._rw of the Time-Warp method considerably to
Perr—preq for the Prediction method. Thus, when cascaded rollbacks are considered, we will only have
to rollback the events (and other related events) that correspond to Perr_prea rather than the events
which correspond to P,.,_rw (which is greater than P,r_preq).

The results in the remaining tables presented below, for rollback times of 10% and 15% can also can
be analyzed similar to the above manner and no further analysis is presented here.

SPEEDUP with rollback and prediction taking
10% and 0% of forward progress, respectively
| Prob. of error | # of processors
2 proc. | 4 proc. [ 8 proc. [ 16 proc. ||
1 1.92 3.61 6.83 10.70
5 1.80 3.60 6.50 10.48
10 1.67 3.28 6.22 9.70
20 1.56 2.96 5.60 8.88
| 30 1.31 2.60 4.71 8.68

10% and 5% of forward progress, respectively

I] Prob. of error | # of processors 1

” SPEEDUP with rollback and prediction taking

2 proc. | 4 proc. | 8 proc. | 16 proc.
1 1.83 3.53 6.52 10.48
5 1.73 3.40 6.22 10.34
10 1.60 3.20 5.91 9.40
20 1.52 2.83 5.51 8.75
30 1.27 2.50 4.63 8.54
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SPEEDUP with rollback and prediction taking
l] 10% and 10% of forward progress, respectively "
Prob. of error # of processors B
f | 2proc. | 4 proc. | 8 proc. | 16 proc. ||
| 1 1.75 3.38 6.28 10.29
il 5 1.65 3.33 6.02 10.11
10 1.54 3.10 5.73 9.20
H 20 1.46 2.73 5.34 8.54
30 1.23 2.44 4.52 8.45

II_ SPEEDUP with rollback and prediction taking ||
[

15% and 0% of forward progress, respectively

[ Prob. of error | # of processors

fl | 2 proc. | 4 proc. | 8 proc. | 16 proc. ||
1 1.92 3.56 6.67 10.79

H 5 1.80 3.55 6.18 10.65

10 166 | 323 | 613 | 954

" 20 1.56 2.95 5.54 8.94

it 30 1.30 2.56 4.72 8.62

SPEEDUP with rollback and prediction taking
15% and 5% of forward progress, respectively

il Prob. of error | # of processors i
i [ 2 proc. | 4 proc. | 8 proc. | 16 proc. ||
1 1.83 3.43 6.52 10.69
5 1.72 3.40 6.01 10.51
10 1.61 3.10 5.94 9.25
20 1.50 2.80 5.42 8.77
30 1.25 2.48 461 8.48

SPEEDUP with rollback and prediction taking
15% and 10% of forward progress, respectively

Prob. of error | # of processors |
[ 2 proc. | 4 proc. | 8 proc. | 16 proc. ||
1 1.75 3.38 6.08 10.36
5 1.65 3.35 5.83 10.13
10 1.53 3.01 5.74 8.81
20 1.45 2.70 5.35 8.63
i 30 1.21 7 241 4.50 8.36

The graphs presented in Appendix B correspond to constant rollbacks and the algorithm being
executed on a constant number of processors. The speedups obtained for varying probability of error
and time of prediction are plotted in the graphs. By analyzing the graphs, the influence of prediction
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on the error probabilities for constant speedups can be determined and is summarized below in the
following tables. The tables contain information regarding how much the probability of error needs to
be reduced by the prediction mechanism to obtain equivalent performance to the Time-Warp mechanism.
The graphs presented in Appendix C correspond to constant probability of errors and varying rollback
times. It can be observed from the graphs that as the time for rollback increases, the speedup decreases
which is as anticipated.

—_— —
Reduction in P(error) to obtain comparable performance
to Time-Warp (Pred = 5% & Rollback = 5%)

Prob. of error # of processors
2 proc. | 4 proc. [ 8 proc. | 16 proc.

5 3% | 5% | 3% 5%
10 3% | 2% | 5% %
20 7% 3% 2% 5%
30 % | 3% | %% 6%
[ 50 % | 1% | 1% 2%

Reduction in P(error) to obtain comparable performance
to Time-Warp (Pred = 10% & Rollback = 5%)

Prob. of error # of processors ]
2 proc. | 4 proc. [ 8 proc. | 16 proc. ||

5 5% 5% 5% 5%

10 5% 4% 8% 3%

20 12% ™% % 10%

30 3% 6% 4% 14%

30 1% 2% 1% 3%

Reduction in P(error) to obtain comparable performance
to Time-Warp (Pred = 5% & Rollback = 10%)

” Prob. of error | # of processors 1
" | 2 proc. T 4 proc. | 8 proc. [ 16 proc. ]
[ 5 3% 3% 4% 4%

10 3% 1% 5% 1%

20 6% 2% 3% 3%

30 2% 3% 1% 8%

50 1% 1% 1% 2%
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Reduction in P(error) to obtain comparable performan(?e=
_to Time-Warp (Pred = 10% & Rollback = 10%)
Prob. oferror | ___# of processors B —_-n
I 2 proc. |_4 proc. | 8 proc. l_ 16 procj
5 5 5 5% | 6%
(| 10 6% 3% % 2%
it 20 12% 4% % 6%
30 4% 6% 3% 13%
50 1% 2% 1% 3%

Reduction in P(error) to obtain comparable performance
to Time-Warp (Pred = 5% & Rollback = 15%) "

[ Prob. of error | # of processors [l
T2 proc. [ 4 proc. [ 8 proc. [ 16 proc. |
T 5 3% 5% 1% 5%
10 2% 3% 6% 1%
20 4% 6% 2% 3%
30 2% 3% 2% 5%
50 1% 1% 1% 2%

Reduction in P(error) to obtain comparable performance
| to Time-Warp (Pred = 10% & Rollback = 15%)

[[ Prob. of error | # of processors |
{t [ 2 proc. [ 4 proc. | 8 proc. | 16 proc. ||
5 5% 5% 5% 5%
10 5% 4% 9% 2%
20 6% 8% 5% 6%
30 4% 5% 4% 10%
50 2% 2% 1% 3%

The above tables do not correspond to accurate reductions required for equivalent performance of the
two approaches. Approximate estimations have been made from observing graphs. We anticipate, that
the reduction reduced is going to be lesser as the probability of error increases. Most of the inconsistencies
arise from the Ncube which does not perform consistently, due to the different allocations of processors
for each simulation run and the number of users accessing the system. We propose to perform a larger
number of simulation runs to arrive at accurate values for the above tables.

7 Discussion of Enhancements

The standard optimistic simulation approach can be viewed as the prediction approach with zero pre-
dictors thus reducing the prediction approach to the standard optimistic approach. In the case of the
standard optimistic approach, the probability of causality error occurring is largest since the local values
of the variables are used in the computations : no time is spent on predicting the values of the variables.
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Conceptually, the more the time spent predicting the values of the state variables of the current event
Event;, the smaller is the probability of causality error. In the prediction technique it is obvious that
a causality error occurs only when the prediction of a state variable is incorrect. Since the predictors
are stored in the memory of each logical process for comparison purposes, the distributed environment
is most suited for this technique.

We propose two different approaches for prediction of state variables. In the first method, for each
of the state variables in an event Event;, we identify the previous event E'vent; in the event-list ( above
Event; ) which might modify them. Once the event is identified, for the prediction of each of the state
variables that are needed for the simulation of Event;, we simply compute the values of the variables
from the corresponding code in Event;. Note that we are interested only in the final value of the variable
when exiting Event;; any number of internal modifications of the variable in Event; are not of concern
to us at present, but are required when we consider cascaded rollbacks in future.

Some events may be put on the event list by the other simulated events. Since this is not known a
priori, the predictors should be used with lookahead method. In the worst case, the predictor will start
checking backwards the entire event list; before the predictor is through with checking all the events there
is a possibility that the local processor will receive the actual values of the variables it is predicting. In
such a scenario, we simply disregard the prediction and start simulating the event using the actual state
variables received. This boundary case corresponds to the standard conservative method (Chandy-Misra
[7]). The prediction can be stopped after some time and the current value is the predicted value or one
can examine only the portion of an event that can affect the predicted variable. The best prediction
method is application dependent and several simulations and analysis are on their way to determine the
limits and expectation of these predictions.

Another method that can be used for prediction is based on statistical information obtained from
previous runs of the simulator. The prediction for each event E'vent; in this method, is simply the most
common value of the state variable at the beginning of the simulation of this event (data maintained
from previous runs). One can go even one step deeper, and check if there is any correlation between the
previous event (or the sequence of them) that update this variable and its value at the beginning of the
simulation of event Event;. Note that a combination of the first and second methods can be used for
the prediction.

We have to be aware that after the execution of the event the values of the oulput stale variables
should be sent to the nert event that uses them as input staie variables. Also they must be marked
as variables based upon predictions rather then the actual input variables. At some point of a time
the logical processor will receive all the actual values of its predicted variables and check them against
its predictions. If the predictions were correct then it sends a message to the next user of its output
variables informing the event that its output variables were correct.

There are several load balancing strategies we propose to examine to minimize information exchange
between nodes of hypercube. The proposed techniques range from the simple technique: the i** node
will pick up the (i mod n) commands where n is the number of nodes of hypercube; to more sophisticated
technique that puts a reasonable number of dependent commands on the same node of hypercube such
that this node will not execute longer than others.
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8 Conclusions and Future Work

We have presented the concepts of the model generator, the sequential simulator, the existing conserva-
tive and optimistic methods of PDES briefly, and our proposed technique and algorithm in detail. The
results of the simulations run on the testbed on the Ncube have been presented and we have performed a
comparison between the Time-Warp approach and the prediction approach illustrating cases where the
prediction approach performs superior to the T ime-Warp approach and case where the vice versa is true.
The further enhancements that can be made to the prediction approach to improve its performance have
been discussed.

Future work which can be done to enhance the performance of the prediction mechanism has been
briefly summarized below. For testing our parallel implementation we need to check several combinations
of load balancing techniques with empty or complete predictors with synchronous or asynchronous
implementations of message exchanges. This is the core of short time future work that will give sufficient
knowledge to proceed to complete checker and future checkers for new spacecrafts.

In future implementations, several other load balancing techniques will be tested. Some proposed
methods are application dependent that are based upon identifying what commands are independent
(do not use the same variables as input/output) and assigning them to different processors. This will
ultimately reduce the number of communication messages needed, since a large percentage of the depen-
dent commands will be placed on the same processor on adjacent (sharing hardware links) processors.
The latter is especially crucial for implementing this on distributed hardware that does not support
broadcast operation directly.

Currently, the processors do not rollback its simulation until they get all the actual values of the
output variables from the previous commands on the list. In future, the rollback after receiving only a
portion of its actual incorrect input predicted variables (any where from 1 to all) for a command will be
tested. There are no definite plans what to do when the output variables from the previous commands
on the list based upon their predictions of their input variables are received.

Ultimately, the ability to write a good predictor will determine the efficiency of the parallel simulation.

An algorithm for semi-automatically generating models for the spacecraft has been presented. By
using the algorithm, most of the models can be generated though not all of them. Once the individual
models have been generated, the interdependencies among the models need to be determined. There are
instances where one model might trigger other models either through a delay, or directly. Such models
must be merged together by having transitions which are activated conditionally from one model to the
other. Algorithms for efficient merging need to be developed.
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CPSC-311 Analysis of Algorithms
Fall 1992

Instructor: Dr. Jianer Chen
Office: ENSB 402B
Office Hours: MWF 10:30 - 11:30 am

Assignment # 2
(Due October 12)

1. Textbook, page 111, Problem 2.2.

2. Textbook, page 115, Problems 2.16 and 2.20.

3. Textbook, page 116, Problem 2.26.

4. Textbook, page 117, Problem 2.34 a), c), d), e), g).
5. Textbook, page 141, Problem 3.12.

6. Textbook, page 142, Problem 3.19 a).
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